Introduction
Methionine sulfoxide reductases (Msrs) are important enzymes that repair oxidatively damaged proteins and protect cells against oxidative stress [1, 2] . Msrs are thioldependent enzymes that catalyze the stereospecific reduction of methionine sulfoxide to methionine. Methionine sulfoxide reductase A (MsrA) is responsible for the reduction of free and protein-based methionine-S-sulfoxides, whereas methionine sulfoxide reductase B (MsrB) primarily reduces the protein-based methionine-R-sulfoxides. Although MsrA and MsrB are completely different from each other in sequence and structure, their catalytic mechanisms are similar in employing a common sulfenic acid chemistry [1, 3] . A catalytic Cys attacks the sulfur of methionine sulfoxide and is then oxidized to Cys sulfenic acid with concomitant release of the product, Met. A resolving Cys interacts with the catalytic Cys sulfenic acid, resulting in intramolecular disulfide bond formation. Reducing agents then reduce the disulfide bond and consequently the enzyme becomes active again [1, 3] .
The conserved sequence including catalytic Cys in MsrAs is GCFW(G/H) located in the N-terminal region. Resolving Cys residues in MsrAs are located in the flexible C-terminal region. Most of the characterized MsrAs, including the enzymes from Bos taurus and Escherichia coli [4, 5] , have three Cys residues involved in catalysis, of which one functions as a catalytic residue and the other two as resolving residues (3-Cys MsrA). A thiol-disulfide exchange reaction involving these two resolving Cys occurs, and the resulting disulfide bond is reduced by reducing agents. There are also 2-Cys MsrAs, such as the enzymes from Mycobacterium tuberculosis and Streptococcus pneumoniae [6, 7] , which include a single resolving Cys. Notably, some MsrAs lack any resolving Cys (1-Cys MsrA). For example, an MsrA from Synechocystis sp. PCC 6803 ( protein accession number P72800) [8] , and selenoprotein MsrAs from Clostridium and Chlamydomonas [9, 10] do not have a resolving Cys.
In MsrBs, a conserved catalytic Cys is located in the C-terminal region and a conserved resolving Cys in the middle (or N-terminal) region (2-Cys MsrB). However, 40% of MsrB proteins do not have this conserved resolving Cys (1-Cys MsrB) [8, 11] .
Thioredoxin (Trx), one of the two major thiol-disulfide oxidoreductases [12, 13] , is generally considered a natural reductant for Msrs, while dithiothreitol (DTT) is used as the in vitro reductant. However, it has been reported that Trx cannot reduce certain 1-Cys MsrAs. For example, it is unable to reduce selenoprotein MsrAs from Clostridium sp. OhILAs and Chlamydomonas reinhardtii, and their Cys mutants in which selenocysteine is replaced with Cys in the active site [9, 10] . In contrast, some 1-Cys MsrB proteins, including mammalian MsrB2 and MsrB3, can be directly reduced by Trx [14] [15] [16] . Glutaredoxin (Grx) is another major thiol-disulfide oxidoreductase that maintains the redox homeostasis in cells [17, 18] . Interestingly, Rey and colleagues previously found that Grx can serve as a reductant for the Arabidopsis plastidial MsrB [16, 19] . They reported that Grx reduces only 1-Cys MsrB, whereas it cannot reduce 2-Cys form. In addition, it has recently been reported that Grx can also reduce 1-Cys Clostridium MsrA [20] . Therefore, it is of interest to investigate whether Grx can function as a general reductant in the Msr reactions.
In this work, the reduction activity of Grxs for 3-Cys MsrA was investigated by using two dithiol Grxs, and compared the reduction abilities between 1-Cys and 3-Cys MsrAs. In addition, it was assessed whether Grxs have a substrate specificity to reduce MsrB by comparing their reduction ability for 1-Cys MsrB with that for 2-Cys form. The data indicate that Grxs more efficiently reduce 1-Cys MsrA than 3-Cys form. In contrast to the previous report, Grxs reduce 2-Cys MsrB as well as 1-Cys forms. Overall, the data demonstrate that Grx acts as a reductant for MsrAs and MsrBs with or without resolving Cys.
Materials and Methods

Preparation of MsrAs and MsrBs
Mouse MsrA, Clostridium sp. OhILAs MsrA/U16C (Cys mutant of selenoprotein), mouse MsrB2, human MsrB3, Clostridium sp. OhILAs MsrB, and its resolving Cys-67 to Ser mutant were prepared as described previously [9, 14, 15, 21] .
Preparation of Grxs and Trxs
Escherichia coli Grx1 (eGrx1) and Clostridium sp. OhILAs Grx2 (cGrx2) were prepared as described previously [20] . eGrx1 and cGrx2 are dithiol Grxs containing the typical CPYC catalytic motif. Escherichia coli Trx1 (eTrx1) was cloned into a pET21b vector, overexpressed in E. coli BL21(DE3) cells, and purified by Talon-metal affinity chromatography. The eluted proteins were dialyzed against phosphate buffered saline and their purity was checked by sodium dodecyl sulphate-polyacrylamide gel electrophoresis analysis.
Determination of protein concentration
Protein concentrations were determined by the Bradford method using a protein assay reagent (Bio-Rad, Hercules, USA), and bovine serum albumin (Bio-Rad) as a standard.
Assay for MsrA and MsrB activities in various reducing agents
The assays were carried out under a condition that the enzyme is saturated with the reductants. The reaction mixture (100 ml) contained 50 mM sodium phosphate ( pH 7.5), 50 mM NaCl, 200 mM dabsyl-methionine-S-sulfoxide (for MsrA) or dabsyl-methionine-R-sulfoxide (for MsrB), 0.37-0.58 mM purified enzyme, and 20 mM DTT or Trx reduction system containing 0.2 mM NADPH, 0.1 mM ethylenediaminetetraacetic acid, 5 mM eTrx1, and 1 mM human Trx reductase 1 [22] or Grx reduction system containing 0.2 mM NADPH, 10 mM glutathione, 0.5 unit yeast glutathione reductase (Sigma, St Louis, USA), and 10 mM Grx. The reactions were carried out at 378C for 30 min, and the product dabsyl-Met was analyzed by highperformance liquid chromatography [11] .
Analysis of kinetic parameters of MsrAs
The reaction mixture (100 ml) contained 50 mM sodium phosphate ( pH 7.5), 50 mM NaCl, 200 mM dabsylmethionine-S-sulfoxide, 0.4 mM Clostridium MsrA/U16C or mouse MsrA, 0.2 mM NADPH, 10 mM glutathione, 0.5 unit glutathione reductase, and 0-15 mM cGrx2. The reaction was carried out at 378C for 30 min. K m and k cat values were determined by non-linear regression using GraphPad Prism 5 software.
Results and Discussion
To assess the reduction activity of Grx toward resolving Cys-containing MsrA and compare its reduction ability between resolving Cys-lacking and containing MsrAs, the available mouse MsrA (mMsrA) and Clostridium MsrA/ U16C (cMsrA) were selected as 3-Cys and 1-Cys MsrAs, respectively. Grx-dependent activities of these proteins were examined using eGrx1 and cGrx2. Notably, kinetic parameters of eGrx1 and cGrx2 are similar as determined by using hydroxyethyl disulfide as substrate [20] . The activity of 1-Cys cMsrA with eTrx1 was very low (2% of DTT-dependent reaction; Table 1 ), as has been previously , respectively. (2) Grx, the reaction in the absence of Grx.
Grx as reductant for MsrA and MsrB characterized [9] . However, the activities with eGrx1 and cGrx2 were much higher, similar to that with DTT. The result clearly demonstrates that Grxs can reduce 1-Cys MsrA as efficiently as DTT can. Interestingly, the activities of 3-Cys mMsrA with eGrx1 and cGrx2 were 23% and 32%, respectively, of DTT-dependent activity (Table 1) , comparable with the Trx-dependent activity (43% of DTT-dependent assay). It is concluded that Grx can serve as a reductant for 3-Cys MsrA as well as for 1-Cys MsrA.
Next, the kinetic parameters of 1-Cys cMsrA and 3-Cys mMsrA were analyzed using cGrx2. It should be noted that catalytic efficiencies of cMsrA and mMsrA are similar to each other in the DTT-dependent reaction [9, 21] . As shown in Fig. 1 , K m values of cMsrA and mMsrA for cGrx2 were determined to be 1.0 and 0.9 mM, respectively. However, the catalytic efficiency (k cat /K m ) of cMsrA was 7 fold higher than that of mMsrA. Taken together, these data suggest that 1-Cys MsrA is more efficiently reduced by Grx than 3-Cys MsrA.
It has previously been reported by Rey and colleagues that Grx can reduce a plastidial MsrB with substrate specificity, only acting on 1-Cys form but not on 2-Cys form [16] . It was determined that Grxs can also reduce mouse MsrB2 (mMsrB2) and human MsrB3 (hMsrB3), which belong to 1-Cys MsrBs. The activities of mMsrB2 with eGrx1 and cGrx2 were 15% and 31%, respectively, of DTT-dependent assay ( Table 2 ). hMsrB3 activity in the presence of eGrx1 and cGrx2 was 34% and 73%, respectively, of DTT-dependent assay. These Grx-dependent activities of each MsrB2 and MsrB3 are comparable with the Trx-dependent activity of these proteins as reported previously [14] : mMsrB2 has 36% -49% activity relative to DTT-dependent assay according to sources of Trx, and hMsrB3 shows 40%-97% of DTT-dependent activity. It is concluded that Grx can function as a reductant for mammalian 1-Cys MsrBs. 
Grx as reductant for MsrA and MsrB
To investigate whether Grx can reduce 2-Cys MsrB, Clostridium MsrB (cMsrB) was used for this test [15] . Notably, cMsrB has only two Cys residues that function as the catalytic and resolving Cys. The activity of 2-Cys cMsrB with eGrx1 was 78% of DTT-dependent assay ( Table 2) . However, interestingly, the relative activity with its host Grx, cGrx2, was much lower (10%). Trx is known to efficiently reduce cMsrB [15] , and as expected, this protein was reduced well by eTrx1 (193% of DTT-dependent reaction). Our data revealed that 2-Cys cMsrB could be reduced by Grxs, but the efficacy of its reduction by Grx was dependent on the source of Grx. The activities of cMsrB lacking the resolving Cys (cMsrB/C67S, Cys-67 to Ser mutant) with Grxs were also examined. eTrx1 reduced this 1-Cys MsrB form poorly (15% of DTT-dependent assay), as has been previously characterized [15] . However, the activities with eGrx1 and cGrx2 were much higher (62% and 77%, respectively, of DTT-dependent assay). Together, eGrx1 was able to efficiently reduce both 1-Cys and 2-Cys MsrBs. However, cGrx2 preferred 1-Cys MsrB to 2-Cys form as its substrate. Overall, these data demonstrate that Grx can reduce 2-Cys MsrB as well as 1-Cys form. In addition, these data suggest that Grx can serve as a more efficient reductant for 1-Cys MsrB than Trx, whereas Trx more efficiently reduces 2-Cys form of MsrB than Grx does.
Grx and Trx are thiol-disulfide oxidoreductases that catalyze the reduction of disulfides in proteins by utilizing the Cys residues in the Cys-X-X-Cys active site [12, 17] . These two proteins are characterized by a common structural fold known as the Trx fold. Trx has been considered as the longtime general in vivo reductant for the regeneration of both MsrA and MsrB. However, growing evidence has suggested that there must be an alternative reductant for certain 1-Cys MsrA types that are not reducible by Trx [9, 10] . Given that Trx and Grx can compensate for each other's functions to a large extent, Grx is predicted to be a high possible candidate being able to reduce these non-Trx-reducible MsrA forms. Indeed, it has recently been evident that 1-Cys MsrA from Clostridium can be reduced by Grx [20] .
The present study investigated whether Grx can be used as a reductant for Msrs with or without resolving Cys. To this end, 1-Cys and 2-Cys (or 3-Cys) Msr forms from bacteria or mammals, and two dithiol Grxs (eGrx1 and cGrx2) were used. The two Grxs reduced 1-Cys cMsrA, which is not reduced by Trx. They also reduced 3-Cys mMsrA form. The Grx-dependent activity of 3-Cys mMsrA was comparable with the Trx-dependent activity. The kinetic data show that Grxs can more efficiently reduce 1-Cys MsrA than 3-Cys form. The K m values of 1-Cys cMsrA and 3-Cys mMsrA for cGrx2 were similar. These results suggest that the different reduction efficiency is due to the catalytic effect, but not due to the affinity effect. The different nature of oxidized 1-Cys and 3-Cys forms (sulfenic acid vs. disulfide) may affect the reduction efficacy of Grx.
Previous findings show that poplar Grxs are unable to reduce the Arabidopsis plastidial 2-Cys MsrB, whereas they act on the plastidial 1-Cys MsrB [16] . In contrast, the present study clearly shows that the two eGrx1 and cGrx2 can reduce the 2-Cys cMsrB as well as 1-Cys MsrB forms. Whether Grxs generally or specifically reduce 2-Cys MsrB forms should be further characterized. The Grx-dependent activity of 1-Cys cMsrB/C67S was higher than the Trx-dependent activity, whereas that of 2-Cys cMsrB was lower than the Trx-dependent activity. These results suggest that Grx may be a better reductant for 1-Cys MsrB than Trx, whereas Trx may act as a better reductant for 2-Cys MsrB. The present study demonstrated that Grxs were able to reduce all the three 1-Cys MsrB forms tested. Thus, taken together with the previous findings, it is likely that Grx may function as a general reductant for the regeneration of 1-Cys MsrB.
A catalytic mechanism mediated by Grx has so far been proposed only in 1-Cys plastidial MsrB, in which glutathionylation/deglutathionylation on the sulfenic acid is involved [19] . The Cys sulfenic acid forms after attack of the substrate, and is then glutathionylated. Subsequently, Grx reduces the glutathionylated catalytic Cys by a deglutathionylation reaction. In the absence of Grx, a small activity of 1-Cys cMsrA (3% of DTT-dependent activity) was detected, implying that glutathione alone is able to regenerate the oxidized 1-Cys cMsrA. Thus, the regeneration mechanism of 1-Cys MsrA by Grx would proceed by glutathionylation/deglutathionylation on the Cys sulfenic acid as proposed for the plant 1-Cys MsrB.
Taking the present data into account with the previous data, catalytic models for reduction of Msrs by Grx would be hypothesized. In the case of Msrs without a resolving Cys, the Cys sulfenic acid forms after attack of the substrate and is then glutathionylated. Subsequently, Grx reduces the glutathionylated catalytic Cys by a deglutathionylation reaction. For Msrs with the resolving Cys, the Cys sulfenic acid proceeds to an intramolecular disulfide bond formation with the resolving Cys. Then, a thiol-disulfide exchange between Grx and the disulfide bond of Msrs occurs, and oxidized Grx can be reduced by glutathione. It is unlikely that glutathionylation of the Cys sulfenic acid in the resolving Cys-containing Msrs would occur because formation of the intramolecular disulfide bond is kinetically favored. An alternative pathway is also possible that the intramolecular disulfide bond is attacked by glutathione, and subsequently the glutathionylated form is reduced by Grx. The fact that in the absence of Grx, a small but significant activity of 3-Cys mMsrA (4% and 10% of DTT-and Grx-dependent assays, respectively) was detected would favor the latter model. Further biochemical studies will be needed to elucidate the
Grx-mediated regeneration mechanisms of Msrs containing the resolving Cys and of the corresponding forms lacking it.
In summary, this work presents that Grxs can regenerate oxidized MsrAs and MsrBs with or without resolving Cys. It would be of interest to examine whether Grx can serve as a reductant in vivo for Msrs.
